Introduction
The diversity of vascular smooth muscle cell (VSMC) functions requires different cell phenotypes. In contrast to terminally differentiated skeletal and cardiac muscle cells, VSMCs retain a high degree of plasticity and are able to switch from a contractile to a proliferative phenotype. This switch represents an essential element in the adaptation to physiological and pathological stimuli associated with injury, atherosclerosis, and hypertension. 1 Similar phenotypic modulation occurs when VSMCs are grown in primary culture in the presence of serum. 2, 3 When VSMCs undergo the transition from contractile to synthetic phenotype and reenter the cell cycle, there are major changes in the expression of contractile proteins, 4 ion channels, transporters and receptors, 5, 6 leading to changes in membrane potential and Ca 2þ handling and to the loss of contractility.
We have previously described that phenotypic switch of human uterine artery (HUA) VSMCs in culture associates with increased functional expression of Kv3.4 channels, which mediate the largest proportion of the Kv current in dedifferentiated VSMCs. Furthermore, Kv3.4 channel blockade decreased proliferation rate, suggesting a link between channel function and VSMC proliferation in this preparation. 7 However, the molecular mechanisms of this process remain largely unexplored. It is not known whether Kv3.4 channels are important in HUA VSMC proliferation because of a general homeostatic role (maintaining membrane potential, intracellular [Ca 2þ ], pH, and cell volume) or because their activity is required at some special checkpoint during the cell cycle, which would imply that they have a precise role in proliferation. Besides, the molecular correlate of Kv3.4 currents in HUA VSMCs has not been studied. In other preparations, complexes of Kv3.4 and the accessory subunit MiRP2 (MinK-related peptide 2) recapitulate native currents, 8, 9 as
MiRP2 modifies the kinetics, unitary conductance, and drug sensitivity of Kv3.4 channels. The cell cycle is a highly regulated process that ensures a homeostatic balance between cell proliferation and cell death in response to environmental signals. Dividing cells have internal timers which coordinate cell division, represented by cyclin-dependent kinases and oscillating cyclins. 10 Changes in the expression and activity of specific ion channels during cell cycle have been reported as part of the clock mechanism, together with other nucleus-independent cytoplasmic oscillators and the fluctuating activity of kinases. 11 -13 In the present work, we explored the existence of a link between the expression of Kv3.4 channels and cell cycle progression in cultured HUA VSMCs. We have studied: (i) the pattern of expression and activity of Kv3.4 as a function of the cell cycle stage and (ii) the changes in VSMC cell cycle distribution when Kv3.4 activity is suppressed. We found cell cycle-dependent variations in the expression of Kv3.4 and MiRP2 mRNA and protein, as well as in the channel contribution to total outward currents and to resting V M . Moreover, Kv3.4 channels suppression rose the fraction of quiescent cells by increasing the number of cells that exit the cell cycle after M phase completion. These effects could be occluded by VSMC depolarization after raising extracellular K þ , suggesting that the role of Kv3.4 channels in HUA VSMCs proliferation is related to their contribution to resting V M . Altogether, our data indicate that functional expression of Kv3.4 channels facilitates the entrance of uterine VSMCs to G1 phase, pointing to Kv3.4 channels as specific targets for new therapeutic approaches directed to modulate VSMC proliferation.
Methods
HUAs were obtained from patients subjected to hysterectomy at the Clinic Hospital of Barcelona, with protocols approved by the Human Investigation Ethics Committee of the Hospital and conforming the principles outlined in the Declaration of Helsinki. Cultured VSMCs were obtained from explants of HUAs as previously described. 7 Synchronization of VSMC cultures was performed by pharmacological blockade or by serum deprivation, and evaluated by flow cytometry, Ki67 immunostaining and quantification of cyclins mRNA levels. Briefly, for G0 synchronization, VSMCs were placed for 48-72 h in serum-free (SF) medium. To arrest cells at the G1/S boundary, VSMCs initially synchronized at G0 were placed in control medium with 1 mM L-mimosine for 48 h. Finally, enrichment at G2/M stage was performed by two different strategies, incubation for 24 -48 h with 0.1 mM Taxol or treatment with nocodazole after double thymidine block. In each case, Kv3.4 and MiRP2 mRNA and protein levels were determined by qPCR and western blot, respectively. qPCR data were analysed with the threshold cycle (Ct) relative quantification method (DDCt), 14 Kv3.4 and MiRP2 mRNA levels were determined in non-synchronized VSMCs, kept in control medium and in cell populations arrested in G0 (by 48 -72 h serum starvation), at the late G1 phase (with 1 mM L-mimosine treatment) or in the G2/M boundary (by incubation with 0.1 mM Taxol). The effects of these manoeuvres were confirmed by flow-cytometry analysis and by quantification of the mRNA levels of cyclins D1, A2, and B1. Figure 1A shows representative flowcytometry histograms obtained in the three conditions. Although serum starvation or L-mimosine did not fully synchronize cell cultures, both led to an increase of the percentage of cells in G0/G1 with respect to cells kept in control medium (from 56 + 3.8 in control to 70.4 + 1.4 and 74.4 + 4.4 with SF or mimosine, respectively, n peak). On the contrary, collection of the cells detached by agitation after treatment with 0.1 mM Taxol provided a homogeneous population of cells in G2/M phase (2n peak). 17 Cyclins mRNA levels were also determined under these three treatments ( Figure 1B) . SF treatment decreased expression of all cyclins mRNA, L-mimosine application resulted in decrease A2 and B1 cyclins with no changes in D1 mRNA expression, and G2/M synchronization associated with augmented expression of A2 and B1 cyclins and decrease of D1 cyclin mRNA. We also explored the expression levels of Kv3.4 and MiRP2 mRNA ( Figure 1B ) and protein ( Figure 1C) . G0-enriched cell cultures (SF) showed decreased Kv3.4 and increased MiRP2 mRNA expression, whereas G1-enriched cell cultures showed no significant changes and G2/M synchronization led to decreased expression of both Kv3.4 and MiRP2 mRNAs. Western blots from cell lysates in these E. Miguel-Velado et al.
three conditions are displayed in Figure 1C . While Kv3.4 protein levels increased as cells move along cell cycle (from G0 to G1 and G2/M) changes in MiRP2 protein showed opposite changes, being almost non-detectable in G2/M cells. Moreover, changes in mRNA expression along the cell cycle seemed to precede changes in protein, so that the expression levels of Kv3.4 and MiRP2 proteins correlated with mRNA expression only in L-mimosine treated cells.
Cell cycle-dependent changes in Kv3.4 currents
As Kv3.4 and MiRP2 expression changed along the cell cycle in HUA VSMCs, we explored their contribution to membrane currents with electrophysiological techniques, using unsynchronized (control) VSMCs and VSMCs synchronized with the same three strategies described in Figure 1 with Kv3.4 homotetramers. 8 The observed changes in current density are attributable to changes in the fraction of inactivating current ( Figure 2B ), without significant variations of the non-inactivating component. The absence of changes in the voltage dependence of activation (see conductance curves in Figure 2C ), together with the increase of the inactivating current and the rightward shift of the steady-state inactivation led to a marked increase of the steady-state window current (inset of Figure 2C ) at potentials around resting membrane potential (V M ). These kinetic properties make the transient current suitable for modulating cell excitability along the cell cycle. Pharmacological experiments showed that the transient K þ currents were mediated by Kv3.4 channels, as they were sensitive to 100 mM TEA and 2.5 mM BDS-1 7 ( Figure 3 ). Although TEA sensitivity of the transient currents was similar in all experimental conditions, there was a small fraction of the sustained current sensitive to 100 mM TEA, that showed a significant increase in Taxol-treated cells ( Figure 3A ). This component could be mediated by another channel or by an increased contribution of Kv3.4 channels to the sustained current in this condition. The contribution of Kv3.4 channels to resting V M was explored in perforated-patch recordings. Resting V M of SF cells was hyperpolarized when compared with control VSMCs, whereas cells entering cell cycle showed a progressive depolarization that was significant blocker BDS-I, but differences in the voltage dependence of BDS-I effect when comparing control and Taxol-treated cells were found ( Figure 3C) . In control cells, blockade was relieved by depolarization, whereas in Taxol-treated cells, it was voltage independent. Interestingly, the increased BDS sensitivity at depolarized potentials has been also described for Kv3.4 channels devoid of MiRP2 subunits. 8 
Effects of Kv3.4 blockade on cell cycle progression
The previous data indicated that cell cycle variations in Kv3. 4 and MiRP2 mRNA and protein levels translate into functional changes, suggesting that the amplitude and kinetics of Kv3.4 currents could modulate the progression of HUA VSMCs along the cell cycle. To confirm this hypothesis, we explored whether Kv3.4 blockade interfered with cell cycle progression. After 48 h in control medium alone or in the presence of 100 mM TEA, cell cycle distribution was studied by flow cytometry. TEA increased in all cases the proportion of G0/G1 phase cells ( Figure 4A) . Additionally, immunocytochemical detection of the nuclear protein Ki67 (whose expression is restricted to proliferating cells 18 ) showed a significant increase in the number of Ki67 2 VSMCs after 48 h treatment with 100 mM TEA or with 2.5 mM BDS-I ( Figure 4B) . Moreover, mRNA expression levels of D1 and A2 cyclins decreased in 100 mM TEA-treated cells ( Figure 4C ). There was also a decrease of the mRNA expression levels of Kv3.4, but no changes in the expression of calponin, a contractile protein used as a marker of VSMC differentiation. 19 In fact, when differentiation of cultured VSMCs is favoured (by serum starvation up to 96 h, Figure 4C ), we observed more pronounced decreases of Kv3.4 and cyclins mRNA together with a five-fold increase of calponin mRNA levels. The mRNA profile observed upon TEA treatment indicated that Kv3.4 channels blockade increased the proportion of quiescent VSMCs. E. Miguel-Velado et al.
Effects of Kvblockade on cell cycle duration
This effect of Kv3.4 blockade could reflect either a direct, specific effect, of Kv3.4 channels modulating cell cycle progression, or an indirect, non-specific, role of Kv3.4 channels in cell homeostasis, so that their blockade delayed the entire process. To elucidate between these two possibilities, we explored the time course of TEA effects on VSMC proliferation after synchronization of cultures at different checkpoints along cell cycle, determining the number of cells in S-phase with BrdU incorporation assays. First, we estimated the duration of the S-phase ( Figure 5A ). After VSMCs synchronization on late G1 phase with L-mimosine, cells were kept in control media alone or with 100 mM TEA. BrdU incorporation was determined every 4 h. The time to reach the peak of BrdU incorporation set the S-phase duration, and was not different between control and TEA-treated VSMCs (6.56 + 0.06 and 6.59 + 0.10 h, respectively).
In another group of experiments, after VSMC synchronization at G0 with SF medium, control medium was reintroduced and half of the cells were also treated with 100 mM TEA up to 72 h. The time course of BrdU incorporation ( Figure 5B) showed that TEA treatment led to a reduction in the cells entering S phase after 32 h. Together with the previous results ( Figure 5A ), these data suggested that Kv3.4 blockade had no effect on the progression of cycling cells up to S phase. Consequently, TEA effect could be interpreted as if Kv3.4 channels role were to facilitate reentrance in cell cycle after G2/M completion.
We tested this hypothesis with a double thymidine block (to synchronize cells at G1/S phase) followed by nocodazole treatment for 12 h, to obtain a large population of cells arrested in M phase. 20 After nocodazole release, VSMCs were placed for 12 -14 h in control media alone or with 100 mM TEA and cell cycle distribution was explored. Figure 5C shows the flow-cytometry histograms obtained in a representative experiment after nocodazole treatment (0 h) and 12 h later in control conditions or in the presence of TEA. Summary data from three different experiments ( Figure 5D) indicated that 100 mM TEA increased the proportion of cells in G0/G1 phase and decreased the proportion of cells in S phase, without changes in the G2/M fraction. Similar results were obtained with 2.5 mM BDS-I treatment ( Figure 5D ), when exploring the fraction of quiescent, Ki67 2 cells. Altogether, these results indicated a specific role of Kv3.4 channels modulating cell cycle progression, suggesting that Kv3.4 blockade arrest VSMCs at G0/G1 phase after completing the cell cycle.
Effects of Kv3.4 knockdown on cell cycle progression
To further confirm this hypothesis, we used siRNA-mediated knockdown of Kv3.4 channels in HUA VSMCs. The potency of the different siRNA commercially available reducing Kv3.4 mRNA and protein expression was assessed in a heterologous expression system. A set of these siRNAs showed a consistent reduction up to 80% of the Kv3.4 mRNA levels and correlated with a decreased amount of Figure S1 ).
The two more efficient siRNAs (si303 and si304) were used to knockdown Kv3.4 expression in VSMCs. Transfection efficiency was routinely around 85 -95%, as determined with a labelled non-silencing control siRNA. We explored the time course of the effects of Kv3.4 knockdown on mRNA levels and on proliferation rate in cells transfected after G0 synchronization ( Figure 6 ). We found clear time dependent, cyclic variations of Kv3.4 mRNA levels that could reflect cell cycle associated changes in expression levels. Additionally, Kv3.4 siRNA led to a time-dependent decrease of Kv3.4 mRNA starting at 18 h after transfection and continuing up to the end of the assay at 72 h post-transfection ( Figure 6A ). Parallel characterization of proliferation rate demonstrated a decreased proliferation starting at 36 h after transfection ( Figure 6B) , together with an increase in the proportion of Ki67 2 cells (from 34.9 + 3.9% in control to 41.2 + 3.1% in siRNA-transfected cells, P , 0.05, data not shown). Moreover, decreased Kv3.4 mRNA in siRNA-transfected cells correlated with decreases in D1, A2, and B1 cyclins mRNA ( Figure 6C ). These results indicated that, similar to Kv3.4 blockade, Kv3.4 knockdown conduced to VSMCs to arrest in G0. Also resting V M in siRNA transfected cells was significantly more depolarized than in mock-transfected cells (228.6 + 1.47 vs. 240.3 + 2.5 mV, P , 0.001) and was not modified by 100 mM TEA (data not shown), confirming a role for Kv3.4 channels setting the resting membrane potential in cultured HUA VSMCs.
Effects of depolarization on cell cycle progression
Resting V M changes could provide the link between functional expression of Kv3.4 and cell cycle progression. If this were the case, incubation of VSMCs in culture media with high K þ concentrations should reproduce the effect of Kv3.4 channels blockade on proliferation rate. We explored this hypothesis by incubating VSMCs for 48 h in media containing 10 or 20 mM K þ . Under these conditions, proliferation rate decreased to values similar to those obtained with the blockade of Kv3.4 channels with 100 mM TEA or with siRNA ( Figure 6D) . Moreover, incubation of VSMCs with 100 mM TEA in the presence of 10 or 20 mM K þ did not produce an additional inhibition. These results suggest that Kv3.4 channels regulation of cell cycle progression in uterine VSMCs is at least in part mediated by their effect on resting V M .
Discussion
We describe here cell cycle-dependent variations in the mRNA and protein levels of Kv3.4 channels, as well as their functional contribution to the outward currents and to resting V M in HUA VSMCs in culture. The blockade of Kv3.4 channels rose the fraction of quiescent cells by increasing the number of cells that exit the cell cycle after mitosis, an effect that was occluded by VSMC depolarization after raising extracellular K þ , suggesting that Kv3.4 channels contribution to resting V M is relevant for their role modulating cell cycle progression. Changes in cell cycle progression after Kv3.4 blockade or knockdown were always consistent and significant, although of small magnitude. These reduced effects are, at least in part, due to the lack of fully synchronized VSMC populations. In spite of the seeming slow proliferation rate, time-lapse studies for up to 48 h showed that cell cycle duration in HUA VSMC cultures was 23.4 + 0.64 h (n ¼ 10), suggesting that difficulties in synchronizing cultures could be due to the existence of a fraction of the cells entering a quiescent-like stage from which they require longer to re-enter S phase. 21 Our data indicate that functional expression of Kv3.4 channels facilitates the progression of HUA VSMCs through G1 phase, pointing to Kv3.4 channels as specific targets for modulating VSMC proliferation.
There is increasing evidence in the literature that ionic activity can influence cell cycle progression. Since K þ channel blockade has been shown to be antiproliferative for numerous cell types, their currents have been proposed as determinants during cell cycle regulation. Cell cycle stage-dependent changes in K þ currents have been described in many preparations, including immortalized cell lines, embryonic and tumoural cells. 12,22 -24 However, there are no conclusive evidences that these changes suffice to regulate cell cycle, as the mechanisms by which ion channel activity translates into cell cycle signalling or vice versa are largely unknown. In principle, ion channels may affect proliferation in two different ways: any cell requires ion channel function to maintain basic homeostatic parameters ([Ca 2þ ], pH, volume, and so on) and to allow uptake and release of metabolites, so that the inhibition of those channels will lower cell proliferation without interfering at a particular cell cycle step. On the other hand, ion channel activity, such as the hyperpolarizing activity of K þ channels, is required at special checkpoints during cell cycle, and therefore it will have a specific role in proliferation. 12, 13 Here, we One mechanism by which K þ channel activity is related to cell proliferation is through their role controlling resting V M . 25, 26 In agreement with previous data, 12, 13 we observed cell cycle variations of resting V M in proliferating HUA VSMCs, with a progressive depolarization as the cells move from quiescence (G0) towards G1, S, and G2/M phases. However, Kv3.4 contribution to resting V M is minimal when cells are more hyperpolarized (G0) and increases in proliferating cells, implying that the fluctuations of resting V M in cycling VSMCs depend on changes in the activity of other channels (such as inward-rectifier K þ channels, as described in other preparations 23 ), that oppose the hyperpolarizing influence of Kv3.4 channels. In spite of that the observed cyclic changes in Kv3.4 activity, via changes in V M , can determine cell cycle progression. There are strong evidences indicating that transient hyperpolarization at a G1 control point is required for proliferation of both mitogen-stimulated and cycling cells, 12 and the expression and activation of Kv3.4 channels at this control point will allow the progression through G1 phase. The resulting hyperpolarization will be able to initiate cell signalling and must be synchronized with other cell cycle regulatory processes that tend to limit the duration of this change in V M . This hypothesis is consistent with the pattern of activity of Kv3.4 channels along the cell cycle and can also explain that their blockade inhibits cell cycle progression at the passage through G1. The requirement for a transient hyperpolarization below a threshold V M value could also explain the observation that high K þ -induced depolarization inhibits proliferation and mimics the effect of Kv3.4 blockade, as the two effects were non-additive. The plasticity of VSMCs evolved as a mechanism of vascular repair after injury and/or vascular adaptation to changing demands. This phenotypic switch is under a tight control that reflects the interaction of genetic and environmental factors, which explains both the stable expression of vascular bed-specific transcriptional programs and the plasticity of VSMCs to respond with different genetic programs to pro-proliferative and pro-migratory signalling pathways. 1, 5 Heterogeneity in ion channels expression pattern across different vascular beds has provided a large number of candidates implicated in the E. Miguel-Velado et al.
phenotypic switch, some of them conserved in different VSMC preparations. 5, 27 However, up-regulation of Kv3.4 channels has been associated with the proliferative phenotype only in HUA VSMCs 5, 7 (and some non-vascular preparations such as tumoural cells 28 and developing neurons 29 ). This specificity could be related to the peculiarities of this vascular bed regarding its potential for growth under physiological conditions. 30 Pregnancy-induced VSMC proliferation involves estrogen and peptide mitogens together with several local released factors; moreover, pregnancy-induced phenotypic changes in cultured aortic and uterine VSMCs show differences attributable to vascular cell heterogeneity. 31 In this regard, preliminary data indicate that Kv3.4 expression levels decreased in HUA VSMCs cultured in an estrogens-free media and can be recovered after the addition of 17b estradiol (data not shown), an observation that can contribute to our understanding about the physiological regulation of Kv3.4 channels in HUA. As a whole, the results gathered in this work open interesting new avenues to explore the molecular mechanisms involved in the VSMC phenotypic switch, which can be relevant for its regulation in pathophysiological processes.
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